While the cortical interneurons derived from the medial ganglionic eminence (MGE) migrate rather diffusely into the cortex, interneurons that migrate out from the caudal ganglionic eminence (CGE) mainly move caudally into the caudal cerebral cortex and the hippocampus in the form of the caudal migratory stream (CMS) (Yozu et al., 2005). Although transplantation experiments at embryonic day 13.5 had revealed that the migrating cells in these two populations are already intrinsically different in regard to their ability to respond to the CGE environment (Yozu et al., 2005), it is not known how the CGE cells are specified and how their migratory behavior is determined.
Introduction
The cerebral cortex contains two major neuronal populations, excitatory projection neurons and inhibitory interneurons. While projection neurons migrate radially from the cortical ventricular and subventricular zones, interneurons are known to migrate tangentially from the ganglionic eminence (GE). The GE is subdivided into three major proliferative regions, a medial GE (MGE), a lateral GE (LGE), and a caudal GE (CGE), based on anatomical and gene expression profiles (Casarosa et al., 1999; Sussel et al., 1999; Corbin et al., 2000; Puelles et al., 2000; Nery et al., 2002; Flames et al., 2007) . Although all three regions give rise to interneurons, the destinations of the migrating neurons derived from each region differ. The LGE-derived neurons migrate to the striatum and olfactory bulb, and the MGE-derived interneurons migrate dorsolaterally and become widely distributed throughout the neocortex (Lavdas et al., 1999; Sussel et al., 1999; Wichterle et al., 2001; Nery et al., 2002; Borrell et al., 2005; Yozu et al., 2005) . The CGE-derived interneurons, on the other hand, have been shown to populate the neocortex, hippocampus, and amygdala (Nery et al., 2002) .
We recently reported that interneurons that migrate out from the CGE move caudally into the caudal cortex and the hippocampus in the form of caudal migratory stream (CMS) (Yozu et al., 2005) . Transplantation experiments have suggested that the mechanisms controlling the direction of migration of the CGE cells and MGE cells from the subpallium to the developing neocortex are intrinsically different, at least on embryonic day 13.5 (E13.5) (Yozu et al., 2005) . However, the molecular mechanisms that regulate the caudal migration of CGE cells have yet to be discovered.
Several genes are known to be expressed in the MGE and not to be expressed in the LGE/CGE (Grigoriou et al., 1998; Sussel et al., 1999) . One of them, Nkx2.1, is thought to regulate the proliferation of MGE cells, and another, Lhx6, is involved in the neuronal migration from the MGE (Sussel et al., 1999; Alifragis et al., 2004; Liodis et al., 2007) . However, no genes that specify and determine the unique features of CGE cells have been identified. To determine how LGE cells, which would normally migrate from the LGE region rostrally (rostral migratory stream) or to the striatum in vivo (Wichterle et al., 2001; Borrell et al., 2005) , would behave in the CGE environment, we heterotopically transplanted LGE cells into the CGE in this study. Since the results showed that the migratory properties of LGE cells are already intrinsically different from those of CGE cells at E13.5, we screened for molecules that are specifically expressed in the CGE and not expressed in the MGE/LGE, and the results showed that COUP-TFII was enriched in the CGE. The results of this study show that COUP-TFII is sufficient and required for the caudal migration of interneurons, suggesting that COUP-TFII plays an important role in specifying the unique migratory behavior of CGE cells.
Materials and Methods
Animals. Pregnant ICR mice were purchased from Japan SLC. All animal experiments were performed according to the guidelines of the Japan Neuroscience Society and Keio University School of Medicine. The day on which a vaginal plug was detected was recorded as embryonic day (E) 0.
Plasmid vector and siRNA. The cDNA of COUP-TFII derived from a FAN-TOM cDNA clone (clone ID: B230309B05) was inserted into the pCAG-GS plasmid (CAG-COUP-TFII) (Niwa et al., 1991; Carninci et al., 2005) . The siRNAs for COUP-TFII and control siRNAs were purchased from Dharmacon (GE Healthcare Bio-Sciences) as a siRNA SMARTpool reagent (ON-TARGET plus), containing a mixture of four different siRNAs with modifications for a single target gene to minimize off-target effects (Birmingham et al., 2006; Jackson et al., 2006) . A fluorescein isothiocyanate (FITC)-labeled oligonucleotide (5Ј-FITC-TACGTACGTACGTA-3Ј) was used as a marker of the site of electroporation as described previously (Yozu et al., 2005) .
Focal electroporation into the telencephalic hemisphere. Focal electroporation and hemisphere culture were performed as reported previously (Yozu et al., 2005) . Briefly, telencephalic hemispheres from E13.5 ICR mouse embryos were dissected out in PBS. The vectors or siRNAs were mixed with a DsRed-Express expression vector (Clontech) containing a CAG promoter (Niwa et al., 1991) so that the ratio of the vectors (or siRNAs) to the DsRed-Express expression vector would be 1:2. To rescue the effect of siRNAs for COUP-TFII, we used the DsRed-Express Expression vector, siRNAs, and CAG-COUP-TFII in a ratio of 1:1:1. To monitor the injection site, a Fast Green solution (0.1%; Sigma) was added to the plasmid solution in a ratio of 1:10 as reported previously (Tabata and Nakajima, 2001; Yozu et al., 2005) . Approximately 0.1 l of the plasmid solution (5 g/l) was injected into the LGE, MGE, or CGE with a glass micropipette. The telencephalic hemispheres were placed between a platinum plate electrode and a tungsten needle electrode. Electronic pulses (100 V, 5 ms) were discharged four times 5 ms apart with an electroporator (CUY21E; NepaGene), and this series of four electroporations was repeated three times for each hemisphere.
Whole telencephalic hemisphere culture. Electroporated E13.5 telencephalic hemispheres were cultured for 40 -42 h as previously described (Yozu et al., 2005) . Brains were rotated in 2 ml of DMEM nutrient mixture/Ham's F-12 (Sigma) containing the N-2 supplement (Invitrogen) under a continuous gas flow (95% O 2 and 5% CO 2 at 37°C) (Nagata and Terashima, 1994) . Images of the whole-mount telencephalic hemispheres were acquired with a CCD camera (C5810; Hamamatsu) connected to a fluorescent dissecting microscope (MZFLIII; Leica) or with a color cooled CCD camera (VB-7010; KEYENSE).
Ganglionic eminence hemisphere transplantation. As previously described (Yozu et al., 2005) , small fragments of the ventricular zone or subventricular zone from the electroporated E13.5 LGE, MGE, or CGE were dissected out and transplanted into a small hole made in the CGE of the recipient E13.5 telencephalic hemispheres, and the hemispheres were cultured for 40 -42 h as described above.
GeneChip analysis. The central regions of the LGE, MGE, and CGE were dissected out at E13.5 in Dulbecco's PBS. The tissues obtained was rinsed in Dulbecco's PBS three times to prevent cross-contamination and then quickly frozen in liquid nitrogen. RNA isolation and microarray analyses with GeneChip were performed as described previously (Tachikawa et al., 2008) . Briefly, total RNA was extracted from the dissected tissue with an RNeasy Mini kit (Qiagen). The quality of the RNA obtained was assessed with a Bioanalyzer 2100 (Agilent Technologies).
Five micrograms of total RNA was converted to cDNA, and biotinlabeled cRNAs were synthesized to be used for hybridization with Mouse Expression set 430A and B chips (Affymetrix) according to the manufacturer's protocol. Signals were analyzed using Microarray Suite 6.0 software (Affymetrix).
Whole-mount in situ hybridization. Telencephalic hemispheres were dissected on E13.5 and fixed in 4% paraformaldehyde (PFA). After washing in 1% (v/v) Tween 20 in PBS (PBT), the hemispheres were dehydrated by sequential immersion in 25%, 50%, 75%, and 100% methanol solutions. The hemispheres were then sequentially rehydrated in methanol/PBT and bleached in 6% hydrogen peroxide in PBS for 1 h. Next, the hemispheres were treated with 10 g/ml proteinase K for 15 min to unmask the target RNAs, and then postfixed with 0.2% glutaraldehyde/4% PFA in PBT for 20 min. Hybridizations were performed in 50% formamide, 5ϫ SSC, pH 4.5, 1% SDS, 50 g/ml yeast RNA, and 50 g/ml heparin for 16 h at 70°C. After the hybridizations, the hemispheres were washed in 50% formamide/5ϫ SSC at 70°C, and in 1% SDS, 2ϫ SSC, 1% DIG-labeled antisense RNA probes were synthesized with DIG-UTPs (Roche Diagnostics) by using PCR products that had been amplified from the FANTOM clones (Ajioka et al., 2006; Tachikawa et al., 2008) . The FANTOM cDNA clones were established by the Genome Exploration Research Group, RIKEN GSC, by using the full-length technologies described previously (Carninci et al., 2005) , and the clones were replicated and provided by Dnaform.
Immunohistochemistry. The immunohistochemical analyses were performed as described previously (Tabata and Nakajima, 2001; Yozu et al., 2005) . The primary antibodies used in this study were anti-calbindin (rabbit polyclonal, 1:1000; Swant), anti-COUP-TFII (mouse monoclonal, 1:100; Perseus Proteomics), anti-calretinin (rabbit polyclonal, 1:1000; Chemicon), anti-somatostatin (rat monoclonal 1:50; Chemicon), and anti-parvalbumin (rabbit polyclonal, 1:1000; Abcam). In brief, anesthetized animals on ice were fixed by transcardial perfusion with 4% PFA in 0.1 M sodium phosphate buffer, pH 7.4. For immunostaining, horizontal sections (14 m thick) were prepared with a cryostat (CM1900; Leica) and incubated overnight with the primary antibodies. After washing, the sections were incubated with FITC-conjugated antimouse IgG (1:100; Cappel) and tetramethylrhodamine isothiocyanate (TRITC)-conjugated anti-rabbit IgG (1:200; Jackson ImmunoResearch) as the secondary antibodies. Images were acquired with a confocal microscope (FV300; Olympus).
Verification of siRNA efficiency. To assess the efficiency of the siRNAs for COUP-TFII, we electroporated siRNAs into HEK293T cells with a Cell Line Nucleofector Kit V (Amaxa Biosystems). The siRNAs were used according to the instructions included with the siRNA test kit (Amaxa Biosystems). More specifically, 0.5 g of CAG-COUP-TFII and 1 l of siRNAs (100 M) or control siRNAs (100 M) was added to the nucleofector solution and used for transfection into 1.0 ϫ 10 6 cells each time. The transfected cells were then cultured for 24 h before fixation. To standardize the number of transfected cells, 0.5 g of DsRed-Express expression vector (Clontech) was also added to the nucleofector solution. After fixation in 4% PFA for 30 min, immunocytochemistry was performed as described above.
Statistical analysis. Data were evaluated for significant differences by means of a two-tailed Student's t test.
Results

LGE cells and CGE cells exhibit different migration properties when transplanted into the CGE at E13.5
In a previous study in which we used focal electroporation in combination with whole-mount telencephalic hemisphere cul-tures, we showed that when E13.5 MGE cells were heterotopically transplanted into the E13.5 CGE, the MGE cells migrated dorsolaterally in the same manner as they normally move from the MGE (Yozu et al., 2005) . In contrast, homotopic transplantation of E13.5 CGE cells into the E13.5 CGE revealed that the transplanted CGE cells migrated caudally along the CMS (Yozu et al., 2005) . Thus, the CGE cells appear to have acquired different intrinsic mechanisms causing them to behave differently from MGE cells by E13.5. Since the CGE and LGE tend to share gene expression profiles (Corbin et al., 2003; Stenman et al., 2003; Wonders and Anderson, 2006; Flames et al., 2007; Nakajima, 2007) , to identify the molecular basis responsible for CGE cells moving caudally, we first investigated whether LGE cells would also migrate caudally when heterotopically transplanted into the CGE environment. We focally introduced a DsRedExpress-expression plasmid with Fast Green and FITC-labeled oligonucleotides into the central region of the LGE or the dorsal region of the CGE at E13.5, and then used the Fast Green or FITC as a marker to dissect out the transfected cells ( Fig. 1 A, B for LGE). The cells were then transplanted into the E13.5 CGE (Fig. 1C) , and the whole telencephalic hemispheres were cultured for 40 -42 h. When CGE cells were transplanted into the CGE (n ϭ 3), the labeled cells migrated caudally from the transplanted site as previously described ( Fig. 1 D-F ) (Yozu et al., 2005) . However, when LGE cells were transplanted into the CGE, only slight migration was observed from the transplanted site (n ϭ 4) ( Fig. 1G-J ) . To obtain quantitative data we counted the number of cells that had migrated Ͼ500 m from the transplantation site. The results showed that a significantly smaller number of LGE-derived cells than transplanted CGE cells migrated Ͼ500 m (Fig. 1 ), suggesting that, at least by E13.5, the CGE cells had acquired intrinsic migration mechanisms that were different from those of MGE cells and LGE cells.
COUP-TFII is highly enriched in the CGE
As mentioned above, the gene expression profiles of CGE cells and LGE cells largely overlap. For example, ER81 and Gsh2 are expressed in both the CGE and LGE but not in the MGE (Corbin et al., 2003; Stenman et al., 2003; Wonders and Anderson, 2006; Flames et al., 2007; Nakajima, 2007) . On the other hand, several MGE-specific genes has been reported, one of which, Lhx6, has been shown to be expressed in MGE-derived interneurons, and inhibition or knock-out of this gene causes a migration defect (Grigoriou et al., 1998; Lavdas et al., 1999; Alifragis et al., 2004; Liodis et al., 2007) . We therefore hypothesized that there is a gene similar to Lhx6 that intrinsically determines the distinct migratory behavior of CGE cells. To search for such a gene, which is likely to be specifically expressed in the CGE and not expressed in the LGE/MGE at E13.5, we performed microarray analyses with GeneChip. After manually dissecting the LGE, MGE, and CGE at E13.5, their RNAs were subjected to GeneChip analyses. We set two criteria with the Affymetrix Microarray Suite software to identify candidates for genes that are specifically expressed in the CGE: (1) expressed in the CGE ("Present call" for the CGE) but not in the LGE and MGE ("Absent call" for the LGE and MGE), (2) significantly higher expression in the CGE than in the LGE and MGE ("Increase call" for the CGE vs the MGE and for the CGE vs the LGE). As a result, 26 candidate clones that were "specifically" detected in the CGE were identified by the microarray analyses. To examine their expression profiles greater in detail, we performed in situ hybridization of whole-mount E13.5 telencephalic hemispheres by using FANTOM3 clones (Carninci et al., 2005) as the probe templates. The results showed that COUP-TFII (Chicken ovalbumin upstream promoter-transcriptional factor II; also known as Nr2f2) was preferentially expressed in the CGE in the GE region and that there were some additional signals at the border between the MGE and LGE and at the ventral edge of the MGE (Fig. 2 A) . To clarify the distribution of COUP-TFII protein, we performed immunohistochemistry on E13.5 horizontal sections with an antibody that had been shown to be specific for COUP-TFII in the previous study (Suh et al., 2006) . A strong COUP-TFII signal was detected in the CGE, and a moderate signal was observed in the caudal cortex (Fig. 2 B) . In contrast, no signal was observed around the central horizontal levels in the LGE and MGE (Fig. 2 B) , indicating that COUP-TFII protein is indeed preferentially produced in the CGE. To better define the distribution of COUP-TFII expression, we performed in situ hybridization and immunohistochemistry on a series of coronal sections at E13.5 (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). A high mRNA signal was detected in the CGE and at the LGE-MGE boundary. A high level of COUP-TFII protein was also observed in the CGE, and a moderate level of distribution was found along the LGE-MGE boundary (supplemental Fig. 1 E, G, available at www. jneurosci.org as supplemental material).
COUP-TFII is produced by the migrating neurons in the CMS
Since a population of calbindin-positive interneurons is known to migrate in the CMS (Fig. 3C) (Yozu et al., 2005) , to determine whether COUP-TFII is produced by the migrating interneurons in the CMS, we performed double immunostaining for COUP-TFII and calbindin on E13.5 horizontal sections. At E13.5, we observed many calbindin-positive cells migrating out from the CGE (Fig. 3A-C, magenta, arrowheads) , and many of them were also labeled for COUP-TFII (Fig. 3D-G, green, arrowheads) . The data showed that 71.1% Ϯ1.4% (SE) of the calbindin-producing cells in the CMS were positive for COUP-TFII (n ϭ 209, 4 animals). Although the protein level of COUP-TFII tended to decrease before the migrating cells entered the caudal cortex (Fig.  3 B, H-J; arrowheads point to cells producing a high amount of COUP-TFII, and arrows point to producing a low amount of COUP-TFII), a large population (56.8 Ϯ 4.1% [SE]) of migrating cells continued to produce a small amount of COUP-TFII even after entering the caudal cortex (n ϭ 96, 4 animals) (Fig. 3K-N, arrows) . At E15.5, a large population of calbindin-positive cells in the caudal cortex still weakly stained for COUP-TFII (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). These results suggest that expression of COUP-TFII is associated with the CMS.
COUP-TFII is necessary for formation of the caudal migratory stream
To more directly clarify whether COUP-TFII is indeed involved in and required for the caudal migration of CGE cells, we performed siRNA-mediated knockdown of COUP-TFII. We first examined the efficiency of siRNAs against COUP-TFII expression by cotransfecting HEK 293T cells with a CAG-promoter-driven COUP-TFII-expression vector (CAG-COUP-TFII ) and COUP-TFII siRNAs or control siRNAs (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). A CAG-driven DsRed-Express expression vector was also cotransfected to normalize the transfection efficiency. The cells were fixed 24 h after transfection, and stained with an anti-COUP-TFII antibody. The result was a significant reduction in the ratio between the number of COUP-TFII-positive cells and the number of DsRed-Express-positive cells among the cells electroporated with the COUP-TFII siRNAs than among the cells electroporated with control siRNAs (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). We therefore investigated the effect of siRNAs by performing transplantation experiments in telencephalic hemisphere cultures (Yozu et al., 2005) . First, CGE cells in the E13.5 hemisphere were locally electroporated with a DsRed-Express vector and COUP-TFII siRNAs or control siRNAs. The transfected cells were dissected out as small fragments and transplanted into the CGE of another E13.5 hemisphere. After culture for 40 -42 h, the transplanted CGE cells in the control experiments were mainly migrating caudally as reported previously (Fig. 4 A, B, arrow) (Yozu et al., 2005) . In contrast, when COUP-TFII had been knocked down with siRNAs, a significantly smaller number of transplanted cells were migrating in the caudal direction (Fig. 4C,D, arrow) . Moreover, when the CAG-COUP-TFII and siRNAs were cotransfected into the CGE, there was almost complete rescue of the inhibition of the caudal migration by the COUP-TFII-siRNAs (Fig. 4 E, F, arrow) . To perform the quantitative analyses, the cell distribution area was subdivided into four sectors, and the number of cells that had migrated into each sector was counted (Fig. 4G-I ). The percentage of COUP-TFII-siRNA-transfected cells in sector 4, which is the region covering the caudal direction, was significantly smaller than in the control (*p ϭ 0.0013; total n ϭ 786 cells in the control part of the experiments and total n ϭ 526 cells in the COUP-TFII siRNA part of the experiments, 6 independent experiments) and the COUP-TFIIrescue experiments (*p ϭ 0.0039; total n ϭ 191 cells, 5 independent experiments) (Fig. 4J) . The results confirmed that the COUP-TFII protein level and the number of COUP-TFII-positive cells were decreased by the siRNAs for COUP-TFII (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). These findings Figure 2 . COUP-TFII is preferentially expressed in the CGE. A, Whole-mount in situ hybridization of an E13.5 mouse telencephalic hemisphere for COUP-TFII. Median view of the hemisphere is shown. COUP-TFII is preferentially expressed in the CGE in the GE region, and there are some additional signals at the border between MGE and LGE and at the ventral edge of the MGE. B, Immunohistochemistry for COUP-TFII on an E13.5 horizontal section. Note that COUP-TFII protein is detected only in the CGE and that none is detected in the LGE/MGE. Scale bars: 500 m.
suggest that COUP-TFII is necessary for the caudal migration (CMS) of CGE cells.
COUP-TFII is sufficient to cause MGE-derived cells to migrate in the caudal direction in the CGE environment
To investigate the ability of COUP-TFII to induce the formation of the CMS, we overexpressed COUP-TFII in the E13.5 MGE cells and heterotopically transplanted them into the CGE of another E13.5 hemisphere. As reported in our previous study, E13.5 control MGE-derived cells, into which only a DsRed-Express and a control vector had been electroporated, migrated diffusely when transplanted into the E13.5 CGE (Fig. 5 A, B,G) (Yozu et al., 2005) . The cells appeared to distribute themselves more ventrally in the GE than in our previous study (Yozu et al., 2005) because we transplanted the MGE cells into a more dorsal part of the CGE in the present study than in our previous experiments. However, when MGE-derived cells transfected with DsRed-Express and COUP-TFII were transplanted into the CGE, the transfected MGE cells migrated caudally (Fig. 5C, D, G) . experiments) (Fig. 5E,F) . These results indicate that COUP-TFII is sufficient to change the migratory direction of MGE-derived cells to caudal, suggesting that the formation of the CMS is regulated by specific expression of COUP-TF11 in the CGE cells.
Calbindin-positive/COUP-TFIInegative cells seem to migrate anterolaterally
We noticed two distinct subregions containing calbindin-positive cells were present in the E13.5 CGE (Fig. 6) . One subregion was located in the caudal part of the CGE (Fig. 6 A-C, lower arrowhead) , and the majority of the calbindin-positive cells in this subregion were also positive for COUP-TFII (64.4 Ϯ 6.8% [SE]) (Fig.  6 D-F ) . The CMS appeared to be continuous with this subregion (Fig. 6 A, C,J ) . The other subregion containing calbindinpositive cells, however, was positioned in the rostral part of the CGE (Fig. 6 A-C, upper arrowhead), and most of the calbindin-positive cells in this subregion were in fact negative for COUP-TFII, with only 14.4 Ϯ 3.7% (SE) staining positive ( Fig. 6G-I ) . Interestingly, most of the migrating calbindin-positive/COUP-TFIInegative cells seemed to move in the anterolateral direction [ Fig. 6C (top arrow) , J], whereas the calbindin-positive/COUP-TFII-positive cells migrated caudally in the CMS [ Fig. 6C (bottom arrow) , J]. These results further supported our hypothesis that COUP-TFII regulates the caudal migration of CGE cells (Fig. 6 J) .
Cells from the ventral edge of MGE migrate caudally
As shown in Figure 2 A, COUP-TFII is expressed at the ventral edge of the MGE and at the boundary between the MGE and LGE (Fig. 2 A; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). To examine whether the cells in these COUP-TFII-positive regions also migrate caudally, we tried performing focal electroporation into the ventral edge of the MGE and the boundary between MGE and LGE. Due to the technical difficulty of local labeling the boundary between the MGE and LGE, we were unable to obtain a reliable migration profile of the cells de- rived from this region (data not shown). However, we found that the cells at the ventral edge of the MGE tended to migrate caudally (Fig. 7 A, B) . Quantification of the results showed a significant preference toward migration in the caudal direction (73.2 Ϯ 3.9% [SE] in the caudal sector, 4 independent experiments) (Fig. 7C,D) . These results further support our conclusion that COUP-TFII regulates caudal migration. The results also strongly suggested that the migrating cells in the CMS included ventral MGE-derived cells that move caudally through the CGE.
Some of the calretinin-positive neurons in the postnatal visual cortex produce COUP-TFII Recent studies have revealed that the major population of calretinin-positive interneurons in the postnatal cortex is derived from the embryonic CGE (Xu et al., 2004 (Xu et al., , 2008 Butt et al., 2005) . To investigate whether the CGE-derived calretininpositive neurons in the postnatal cortex produce COUP-TFII, we performed double immunostaining for calretinin and COUP-TFII at P9.5. The results showed that some of the calretinin-positive interneurons in the P9.5 visual cortex were also positive for COUP-TFII (Fig. 8 A-C) . Strong COUP-TFII signals were observed in the multipolar/stellate calretininpositive cells in the upper layers (Fig.  8 D-F, arrowheads) , and weak signals were detected in the bipolar calretinin-positive cells (Fig. 8 D-F, arrows) . Since that the calretinin-positive bipolar cells have been directly shown to be primarily derived from the CGE (Xu et al., 2004 (Xu et al., , 2008 Butt et al., 2005) , at least a subpopulation of the interneurons that migrate from the CGE may continue to produce COUP-TFII even after they settle in the postnatal cortex. We also observed that some of the somatostatin-and calretinin-coexpressing interneurons in the P25 visual cortex were positive for COUP-TFII (supplemental Fig.  5 , available at www.jneurosci.org as supplemental material). Some cells were singlepositive cells for COUP-TFII, calretinin, or somatostatin (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). In contrast, we did not observe doublepositive cells for parvalbumin and COUP-TFII in the P25 visual cortex (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material).
Discussion
Our previous study clarified the three-dimensional migration profiles of interneurons derived from each part of the GE and showed that the intrinsic property of CGE cells to migrate caudally had been determined by E13.5 (Yozu et al., 2005) . In the present study, we demonstrated that COUP-TFII is preferentially expressed in the CGE and regulates the formation of the CMS. These results indicate that a locally expressed transcription factor determines the migratory direction of the cortical interneurons in a region-specific manner. The CGE is a distinct GE region that is characterized by expression of COUP-TFII Although several molecules are known to be expressed only in the MGE in the GE region, the expression profiles of various markers usually overlap in the LGE and CGE (Corbin et al., 2003; Stenman et al., 2003; Wonders and Anderson, 2006; Flames et al., 2007; Nakajima, 2007) . However, the results of our transplantation experiments suggested that E13.5 CGE cells had acquired some intrinsic properties that were distinct from those of LGE/ MGE cells, implying that some molecules specifically function in the CGE region. We therefore performed microarray analyses followed by in situ hybridization in the present study in an attempt to identify such molecules. The results showed that COUP-TFII was localized in the CGE, as recently demonstrated by another group in a microarray analysis, although morphological verification was not attempted in their study (WilliMonnerat et al., 2008) . Recent papers have proposed that the CGE is a caudal extension of the LGE and MGE (Wonders and Anderson, 2006; Flames et al., 2007) . However, our results showing that COUP-TFII is preferentially expressed in the CGE and regulates the formation of the CMS suggest that the CGE may be a region that is distinct from the LGE and MGE in the terms of neuronal migration/specification.
In addition to being expressed in the CGE, COUP-TFII is also expressed at the border between MGE and LGE and at the ventral edge of the MGE (Fig. 2 A; supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). Heterotopic transplantation of MGE cells into the CGE in our previous study was followed by dorsolateral migration of the transplanted MGE cells (Yozu et al., 2005) . However, in the previous experiments we used the central region of the MGE, where COUP-TFII is not expressed, and the dorsal and ventral edges of MGE were not tested. In the present study, we found that at least the cells at the ventral edge of the MGE tended to move caudally through the CGE to join the CMS (Fig. 7) . Thus, at least some of the migrating cells in the CMS are not derived from the CGE but are likely to originate in the MGE. Tripodi et al. (2004) reported that, at E13.5, the majority of calbindin-positive cells in the neocortex and piriform cortex were not colabeled with anti-COUP-TFII, whereas we observed that a large population of cells in the CGE and caudal cortex was double positive for calbindin and COUP-TFII. This difference in COUP-TFII immunoreactivity may be attributable to the difference in the regions of the brain observed. Tripodi et al. (2004) also homotopically transplanted CGE cells in slice cultures and observed a ventrally migrating stream toward the preoptic area (POa) and hypothalamus. They reported that the ventral stream did not contain COUP-TFII-positive cells. Although the ventral stream is derived from the CGE, the CMS must be different from the ventral stream, because our study indicated that migrating interneurons in the CMS included a high proportion of COUP-TFII-positive cells (Fig. 3) . In the present study we also found that some calbindin-positive/ COUP-TFII-negative cells in the CGE seemed to move in the anterolateral direction (Fig. 6) . Although the migratory directions and destinations of the CGE cells are multimodal, the results of the present study indicate that at least their caudal migration is regulated by COUP-TFII in the CGE cells. 
Migratory direction and characteristics of CGE cells
Characteristics of COUP-TFII-positive interneurons
Previous studies indicated that the vertically oriented, bipolar or bitufted subclass of the calretinin-expressing interneurons originate mainly in the dorsal CGE (Xu et al., 2004; Butt et al., 2005) . In the present study we showed a population of bipolar interneurons that produce COUP-TFII and calretinin is present in the upper layers of the P9.5 visual cortex (Fig. 8) . Previous studies indicated that COUP-TFII is also highly expressed in the amygdaloid nucleus, which some of the CGE cells are destined to populate (Lopes da Silva et al., 1995; Nery et al., 2002; Ló pez-Bendito et al., 2004; Tole et al., 2005) . We also observed that some of the calretinin-positive cells in the hippocampus are COUP-TFII positive (data not shown). Thus, COUP-TFII tends to be strongly highly associated with regions that contain CGE-derived cells.
After homotopically transplanting of E13.5 CGE cells into the CGE, Nery et al. (2002) observed that the transplanted cells were mainly localized in layer V of the neocortex. They also showed that only a very few calretinin-positive cells were produced by the transplanted CGE cells. In contrast, Butt et al. (2005) found that CGE cells were preferentially distributed in more superficial layers than MGE-derived cells and that approximately one-fourth of the CGE-derived cells expressed calretinin. Our results may reflect both populations in these previous studies, because COUP-TFII was expressed in both the deep layers and the superficial layers, and some of the cells located in the upper layers were calretinin-positive cells (Fig. 8) . These results are consistent with the findings in the previous studies in which early-born calretinin-positive cells were located preferentially around layers II/III (Yozu et al., 2004; Rymar and Sadikot, 2007) Recent work has identified a subpopulation of double-positive calretinin-and somatostatin-positive cells that have multipolar/stellate morphology and are derived from the dorsal MGE expressing Nkx6.2 (Fogarty et al., 2007) . Our results showed that a population of calretininpositive cells with multipolar/stellate morphology was colabeled with COUP-TFII (Fig. 8) . Because the expression profile of COUP-TFII overlaps that of Nkx6.2 in the dorsal edge of the MGE (Fig. 2 A; supplemental Fig. 1 , available at www.jneurosci. org as supplemental material) and a calretinin/somatostatin-positive population was shown to derive from the Nkx6.2-positive region (Fogarty et al., 2007) , COUP-TFII may also control the migra- tion and differentiation of the cells in the dorsal edge of the MGE into calretinin-positive multipolar/stellate cells.
COUP-TFII is a transcription factor that is capable of acting as both positive and negative regulators (Park et al., 2003) , and a variety of genes are known to be regulated by COUP-TFII (Park et al., 2003) . Therefore, some molecules downstream of COUP-TFII must sense the direction of migration in the CMS. You et al. (2005) showed that COUP-TFII was specifically expressed in venous endothelium and not expressed in arterial endothelium, and that ablation of COUP-TFII in endothelial cells enabled veins to acquire arterial characteristics by suppressing the expression of neuropilin-1 and Notch signaling molecules. Identification of the downstream molecules of COUP-TFII in the caudally migrating neurons in the future will be important to understanding the regulatory mechanisms of the CMS.
